Electrophysiology, the measurement of electrical activity of biological origin, is a key technique for the measurement of physiological parameters in several applications, but
it has been traditionally difficult to develop sensors for measurements outside the laboratory or clinic with the required quality and robustness [3, 4] . This is in part due to the fact that electrodes used for high quality low amplitude measurements (such as EEG) require skin preparation and the use of electrolytic gel, resulting in longer preparation times (up to several minutes per electrode) and long stabilization times (diffusion of the electrolytic gel into the skin). In this paper we report the results from the first series of human trials with a new electrophysiology sensor using multiwalled carbon nanotube arrays (MWCNTs) [5] whose design goal is penetration of the outer layer of the skin and improved electrical contact [6] . These arrays were grown on highly The aim of the tested design was to eliminate skin preparation and gel application requirements in order to reduce noise while improving wearability [6] . The key aspect of this prototype is the electrode-skin interface, which is provided by a large number of MWCNTs forming a brush-like structure -see Figures 1 and 2 . Due to the excellent mechanical (high modulus of elasticity, tensile strength [7] ) and electrical properties [8] of MWCNTs, this nano-structure design should provide a robust and stable low noise electrical interface of low impedance while barely penetrating the outer skin layer-the Stratum Corneum-resulting in a comfortable and pain free interface. In addition, shallow penetration, together with the small diameter of CNTs, should result in a lower infection risk as compared to more invasive approaches using microtechnology.
The mechanical interaction of MWCNTs and skin is poorly understood because the mechanical properties of the skin at nanoscale are difficult to estimate, but the baseline sensor paradigm relies on MWCNTs penetrating the outer skin layer to a depth of 10-15 m.
Another possible enabling mechanism is capacitive coupling enhanced by the increase in surface contact area. Although MWCNTs can be coated for improved transduction, a polarizable uncoated prototype has first been tested and is reported here.
As the experimental prototype was designed to validate the performance of the dry MWCNT interface, the first MWCNT arrays were mounted on state of the art commercial active electrodes (i.e., with on-site amplification) and connected to commercial-off-the-shelf research electrophysiology recording equipment for comparison with existing "wet" sensors Generally, a ca. 10 nm iron film was sputtered onto the silicon wafer immediately after etching the native oxide by immersion in hydrogen fluoride. The growth process consisted of heating the substrate to 650 ºC for 20 min in vacuum in order to break the Fe film into small islands between 50 -100 nm in diameter. During the growth process the substrate was maintained at 650 ºC and acetylene was introduced to the chamber at a concentration of 5.0 % with H 2 as the carrier gas.
Prior to the human trials, a series of some simple tests were carried out as a quality check of the electrodes. These tests are described fully in [11] and we only provide an overview here.
A first requirement for an electrode is that it exhibit low noise in the region of 1-2 V RMS or less in the~0.1-100 Hz range when immersed in saline solution. We carried out this test both for the prototype electrodes and the commercial electrodes in saline solution. The noise measured by the new electrodes is low and rather similar to that of the commercial electrodes
In order to test signal response in a semi-realistic situation, the electrodes were placed on pig skin and a small test signal applied beneath the skin. Pig skin is similar in structure to human skin and provides a good starting point for prototype development. The standard electrode was applied to pig skin using electrolytic gel while the new electrode was applied without gel or other skin preparation. The results from the comparison were again very similar.
For completeness, human tests were first carried out with conventional electrodes without gel and with prototype electrodes without CNT array interfaces (but with the same substrate). In both cases, the measurements were contaminated by a large amount of noise (1-2 orders of magnitude above those with wetted electrodes), as expected.
Due to ethical considerations, limited tests were conducted with one subject only (the tests were approved by the Ethical Committee of the University of Barcelona and the University of One of the well-known features in human EEG is the appearance of alpha waves (8) (9) (10) (11) (12) and the associated spectral peak when a subject relaxes, which is clearly visible when the subject closes the eyes. In the eyes-open condition, alpha EEG dominance is suppressed and an increase in the beta ( ) range frequency (15-30Hz) can appear.
In order to test whether cortical alpha and beta oscillatory activity can be similarly recorded by the new electrode and the wet commercial electrodes, two protocols were employed. The Spontaneous EEG recordings consisted of two periods of 5 min during which the subject did not perform any task. In the eyes-open condition, the subject was instructed to focus the eyes on a fixed point on a computer screen, thus avoiding eye-blinks. In the eyes-closed condition, the subject was just required to keep the eyes closed and to relax. Here, the appearance of an automatic auditory ERP component, the auditory N1, was evaluated. N1 is reflected by prominent scalp fronto-central negativity EEG deflection with a stimulus onset latency around 100-150ms. Auditory N1 reflects the transitory auditory cortical areas (temporal lobes) response to an auditory stimulus.
Aural stimulation was implemented by means of the stimulation software Presentation® (Version 7.0) with the aid of portable equipment, presenting the visual stimuli (i.e., fixation point) and auditory stimuli through headphones. While the subject focused on a distracting task (reading), a sequence of auditory stimuli of two different kinds, namely a standard (p = 0.8; 75 ms; 90 dB SPL, 1000Hz and 10 ms rise/fall) and a deviant one (p = 0.2; 25 ms; 90 dB SPL, 1000Hz and 10 ms rise/fall) was presented binaurally with headphones. The sequence consisted of stimuli-trains formed first by a standard or deviated stimulus (at random) and followed by two standard stimuli. The interval between the stimuli within trains was 300 ms, while the interval between the trains was 400 ms.
The spontaneous EEG recording power spectral density (PSD) was evaluated using Welch's method for each condition separately. The PSD in open and closed eye conditions can be observed in Figure 3 for each electrode type, revealing a high similarity of the EEG data collected with each electrode. Moreover, the appearance of an increased alpha frequency peak The design of a CNT-based electrophysiology electrode is a fascinating and challenging multi-disciplinary exercise involving analysis of requirements, skin and CNT mechanical and electrical properties at nanoscale, electrochemistry and biocompatibility issues. In a previous publication, we analyzed requirements for EEG/ECG/EOG applications and provided the logic for the electrode design, starting from a careful analysis of all the noise sources and measurement requirements and we proposed a of dry electrode based on the use of MWCNTs to penetrate the outer skin cell layers and thus reduce the noise of measurements. The test results reported here provide robust evidence that this dry electrode performs rather similarly to state of the art research-oriented wet electrodes, thanks to an interface exploiting the control of surface features at nanoscales and the excellent properties of CNTs.
It is also important to note that the subject did not report any pain or special sensations on application of the CNT-coated electrode, and six months after the trials no side effects have 
